A major role for the intracellular posttranslational modification O-GlcNAc appears to be the inhibition of protein aggregation. Most of the previous studies in this area have focused on O-GlcNAcylation of the amyloid-forming proteins themselves. Here, we use synthetic protein chemistry to discover that O-GlcNAc also activates the anti-amyloid activity of certain small heat shock proteins (sHSPs), a potentially more important modification event that can act broadly and substoichiometrically. More specifically, we find that O-GlcNAcylation increases the ability of sHSPs to block the amyloid formation of both α-synuclein and Aβ. Mechanistically, we show that O-GlcNAc near the sHSP IXI-domain prevents its ability to intramolecularly compete with substrate binding. Our results have important implications for neurodegenerative diseases associated with amyloid formation and potentially other areas of sHSP biology.
. O-GlcNAc modification and the small heat shock proteins (sHSPs). a) O-GlcNAcylation is added to serine and threonine residues of intracellular proteins by O-GlcNAc transferase (OGT) and can be reversed by O-GlcNAcase (OGA). b) Domain structure of a subset of sHSPs, which contains an N-terminal region responsible for protein oligomerization and some chaperone activity, an αcrystallin domain (ACD) that binds to hydrophobic segments, and a C-terminal IXI-domain that regulates the sHSP activity through interactions with the ACD. c) All three sHSPs with a C-terminal IXI domain are O-GlcNAcylated near this sequence in cells and tissues. d) Sequence alignment of the three IXI domains shows a conserved O-GlcNAcylation site (in blue) directly C-terminal to the IXI motif.
Another factor that protects from neurodegeneration is the activity of heat shock proteins, a family of molecular chaperones that are upregulated in response to cellular stress 24, 25 . The small heat shock proteins (sHSPs) are a subset that are ATPindependent and function by binding to unfolded/misfolded proteins to prevent their aggregation 26, 27 . All sHSPs contain a conserved central α-crystallin domain (ACD) and variable N-terminal and C-terminal domains (Figure 1b) 28, 29 . All of these domains contribute to the formation of large and dynamic protein oligomers that are critical for chaperone activities [30] [31] [32] [33] [34] . Of particular interest in neurodegeneration, the ACD domain contains a cleft that appears to be the major site of binding to amyloid-forming proteins, including Aβ, tau, and α-synuclein 30, [34] [35] [36] [37] [38] [39] [40] . Three human sHSPs -HSP27, αA-crystallin (αAC), and αB-crystallin (αBC) -that have this anti-amyloidogenic activity also contain a tripeptide sequence known as the IXI motif in their C-terminal domains (Figure 1b ). The IXI motif can interconvert between an ACD bound form, where the IXI tripeptide is loosely bound to the cleft, and an unstructured form in solution 30, 31, 40, 41 . This IXI-ACD interaction is not required for the formation of large oligomers, but mutants of the IXI motif can have consequences on oligomer stability and dynamics 40, 42, 43 . Additionally, the contact between the cleft and the IXI-motif can block protein-protein interactions between the sHSP and other proteins, including amyloid substrates 34, 40, 44 . Therefore, the dynamic regulation of this interaction is proposed to be key contributor to controlling the activity of these sHSPs. Notably, HSP27, αAC, and αBC have been long known to be O-GlcNAcylated [45] [46] [47] [48] , and proteomic analysis from cells and tissues has localized endogenous O-GlcNAc modifications to residues very near the IXI domains ( Figure 1c ) 45, [49] [50] [51] . Notably, one of these modification sites, Thr184 in HSP27 and Thr162 αAC/αBC, is conserved between all three proteins ( Figure 1d ). This led us to hypothesize that O-GlcNAcylation of these sHSPs may inhibit the IXI-ACD interaction and increase their anti-amyloidogenic activity.
Here, we used a combination of synthetic protein chemistry and biochemical analysis to confirm this hypothesis. We first used protein semisynthesis to construct HSP27 bearing individual O-GlcNAc modifications at all four previously identified sites. We then showed that all of these O-GlcNAcylation events improve the chaperone activity of HSP27 against the amyloid aggregation of α-synuclein and that the two modification sites closest to the IXI domain, including the conserved Thr184, displayed the largest increase in this activity. We then applied protein semisynthesis to prepare αAC and αBC with O-GlcNAc at residue 162. Similar to HSP27, O-GlcNAcylation of αAC improved its anti-amyloid activity against αsynuclein, while both unmodified and O-GlcNAcylated αBC completely blocked α-synuclein aggregation. We then tested the possibility that O-GlcNAcylation would also improve chaperone activity against Aβ aggregation and found that all three modified proteins are indeed better chaperones. Because the sHSPs function as oligomers, we also mixed unmodified and O-GlcNAcylated HSP27 at different ratios and found that as little as 25% O-GlcNAcylated monomers is sufficient to induce the increased chaperone activity. Next, we used a variety of biophysical techniques to show that the O-GlcNAcylated IXI domain of HSP27 does indeed display reduced binding to its ACD, providing a mechanism to explain our observations. Taken together, our results demonstrate that O-GlcNAcylation increases the anti-amyloid activity of certain sHSPs and that this protective modification may be lost as a driving event in neurodegenerative diseases. Coupled with our previous work on α-synuclein and the work of others on tau, we believe that O-GlcNAc is a multifaceted inhibitor of amyloid aggregation.
RESULTS

Synthesis of O-GlcNAcylated Hsp27.
In order to directly test the effect of O-GlcNAcylation at Thr174, Ser176, Thr184, and Ser187 on HSP27 structure and function, we first individually synthesized these modified proteins using expressed protein ligation (EPL) 52, 53 . Traditional EPL relies on a native chemical ligation reaction (NCL) that occurs between a C-terminal thioester and an N-terminal cysteine residue, yielding a native amide bond 54 . HSP27 does not contain a strategically useful cysteine residue close to any of the O-GlcNAc modification sites, so we decided to introduce one at position 173 in the primary sequence, an alanine residue in the native protein. This cysteine mutation allowed us to retrosynthetically deconstruct HSP27 into two fragments, a recombinant protein thioester (1) and synthetic peptides (2) (3) (4) (5) (6) containing an N-terminal cysteine residue required for ligation ( Supplementary Figure 1 ). After purification, incubation of 1 with either peptide 2-6 in ligation buffer resulted in facile formation of the ligation products. Finally, radical-mediated desulfurization to convert the cysteine required for ligation into the native alanine residue, yielding unmodified and four site-specifically O-GlcNAcylated HSP27 proteins: gT174, gS176, gT184, gS187. HSP27 does contain one native cysteine residue at position 137, which is also converted to alanine in the desulfurization reaction. However, loss of Cys137 has been exploited in the past for semisynthetic access to HSP27 55 , as well as to prevent the formation of covalent HSP27 dimers through a disulfide-bond. This disulfide acts as a regulator of HSP27 activity under different oxidative environments, but is also a complicating factor for the purification and storage of this protein that we wanted to avoid 56 .
O-GlcNAcylation improves HSP27 chaperone activity against α-synuclein amyloid formation.
As noted above, α-synuclein forms toxic amyloids in Parkinson's disease, and HSP27 inhibits this process. Therefore, we tested whether O-GlcNAcylation of HSP27 improved the inhibition of α-synuclein aggregation by mixing unmodified HSP27 or one of the O-GlcNAcylated versions (at 1 μM concentration) with α-synuclein (50 μM). We then subjected these protein mixtures to aggregation conditions (agitation at 1,000 rpm, 37 °C) for 7 days. α-Synuclein (50 μM) alone was used as a control. The formation of α-synuclein amyloids was then measured using three different assays. First, we employed the dye thioflavin-T (ThT), which becomes fluorescent in the presence of amyloid fibers (Figure 2a ). As expected, unmodified Hsp27 inhibited the aggregation of α-synuclein. Consistent with our hypothesis, all of the O-GlcNAcylated versions of Hsp27 were better aggregation inhibitors, with HSP27(gS176) and HSP27(gT184) having the largest, and statistically significant, effect. Second, we used transmission electron microscopy (TEM) to visualize any aggregates that did form ( Figure 2b ). We visualized long fibers for α-synuclein alone but smaller amyloid fibers in the presence of unmodified HSP27, and this effect was more pronounced in the presence of HSP27(gT174) or HSP27(gS187). Finally, we found that the best aggregation inhibitors in the ThT assay, HSP27(gS176) and HSP27(gT184), appeared to only form amorphous aggregates. Third, we used proteinase K (PK) digestion to examine the stability of the α-synuclein aggregates. PK displays broad selectivity in the α-synuclein primary sequence and will completely degrade the unfolded protein. However, when amyloids are formed, they inhibit the accessibility of the aggregated region to PK, resulting in stabilized fragments that can be visualized by SDS-PAGE. The resulting banding pattern of the stabilized fragments provides a low resolution picture of the protease-resistant core of the aggregates. Using this assay, we further confirmed that O-GlcNAcylated HSP27 is better at inhibiting the formation of α-synuclein amyloids (Figure 2c ). In particular, we discovered that HSP27(gT174) and HSP27(gS187) showed a similar banding pattern as α-synuclein aggregated alone but with reduced intensity of the PKresistant bands. However, in the presence of HSP27(gS176) or HSP27(gT184), we could only detect very faint bands that were stable to PK, indicating minimal amounts of amyloid formation. Take together, these data show that O-GlcNAcylation results in a site-specific increase in HSP27 chaperone activity. O-GlcNAcylation is a conserved mechanism for sHSP activation against α-synuclein amyloid formation.
Given the increased chaperone activity of HSP27(gT184) and the fact that this O-GlcNAcylated residue is conserved in the IXI domains of αAC and αBC, we next used protein semisynthesis to prepare the analogous O-GlcNAcylated versions of these proteins. Specifically, αAC was retrosynthetically deconstructed into an N-terminal thioester (7), residues 1-141, and two peptides (8 & 9) (Supplementary Figure 2 ). Protein 7 was obtained using recombinant expression with the intein technology described above. Peptide thioester 8 was prepared using SPPS on Dawson resin 57 , while glycopeptide 9 was synthesized on Wang resin with a N-terminal selenocysteine residue. We then performed an NCL reaction between peptides 8 and 9, to yield residues 142-173 of αAC, followed by deprotection of the resulting N-terminal cysteine. Through a subsequent EPL reaction with protein thioester 7, we obtained the full-length sequence of O-GlcNAcylated αAC. The selenocysteine was then selectively transformed to the native alanine in αAC to yield the O-GlcNAcylated protein with no primary sequence mutations. 58 In this case, we required the use of two peptide segments because the recombinant expression of αAC residues 1-156 as an intein fusion resulted in a product that could not be separated by RP-HPLC. Similarly, we prepared αBC from two fragments ( Supplementary Figure 3) . The first was an intein fusion to residues 1-154 of αBC (10), while the second was a synthetic glycopeptide of residues 155-175 (11) . αBC contains no convenient cysteine nor alanine residues; therefore, we chose to employ γ-thioproline as the cysteine surrogate at the EPL junction 59 . Because αBC does not contain any cysteine residues, we then employed desulfurization to generate glycosylated αBC with no mutations. To obtain the unmodified version of the α-crystallin proteins, we expressed them as full-length N-terminal fusions to an intein and used hydrolysis to remove the intein tag ( Supplementary Figures 2 and 3 ).
With these proteins in hand, we next tested the potential for O-GlcNAcylation to increase the chaperone activity of αAC or αBC against α-synuclein amyloid formation. Accordingly, we subjected α-synuclein to the aggregation conditions described above in the absence or presence of either unmodified αAC/αBC or their O-GlcNAcylated variants, αAC(gS162)/αBC(gT162). Again, we performed these aggregation reactions at a 50:1 ratio of α-synuclein to chaperone.
Analysis by ThT, TEM, and PK cleavage showed that O-GlcNAcylated αAC was, as predicted, more capable of inhibiting α-synuclein amyloid formation than the unmodified protein ( Figure 3a) . Notably, by these same measures, both unmodified αBC and the O-GlcNAcylated variant were capable of completely blocking α-synuclein aggregation (Figure 3b ), demonstrating that O-GlcNAc at the key conserved Thr residue is minimally capable of activating the chaperone activity of these sHSPS, and is not detrimental to this activity in the case of αBC. O-GlcNAcylation activates all three sHSPs against Aβ amyloid formation and can be substoichiometric.
sHSPs have also been shown to inhibit the amyloid aggregation of the Aβ(1-42) peptide associated with Alzheimer's disease, raising the possibility that O-GlcNAcylation of these sHSPs may be a beneficial modification in multiple neurodegenerative diseases. To test this hypothesis, we individually mixed Aβ with either unmodified sHSP or HSP27(gT184), αAC(gS162), or αBC(gT162). In this case, we performed all of these reactions with 10 μM Aβ and 1 μM sHSP. We subjected these mixtures to a ThT plate-reader assay and quantified the onset time of amyloid formation ( Figure   4a ). As seen in previous publications, Aβ alone formed amyloids very quickly and then precipitated from the reaction solution, resulting in first an increase and subsequent decrease in ThT fluorescence. As expected, we observed a delay in the aggregation of Aβ in the presence of any of the unmodified sHSPs. In the case of the O-GlcNAcylated proteins, we found an even longer onset time for all three sHSPs.
Next, we tested whether O-GlcNAcylation could improve the activity of sHSPs when it is present at substoichiometric levels in the chaperone oligomers. Accordingly, we incubated different ratios of unmodified HSP27 and HSP27(gT184) for 1 h at 37 °C, which results in subunit exchange and the formation of mixed oligomers 60 with 0, 25, 50, 75, 100% O-GlcNAcylation. We then initiated separate aggregation reactions with 10 μM Aβ and 2 μM of the different ratios of O-GlcNAcylated HSP27 and measured amyloid formation by ThT fluorescence (Figure 4b ). Strikingly, we found that as little as 25% HSP27(gT184) in the mixed oligomer was able to significantly increase the onset time of amyloid formation and observed a fairly linear correlation between the amounts of O-GlcNAcylation and the delay in Aβ amyloid formation. These data demonstrate that the increased chaperone activity induced by this modification is not confined to α-synuclein, but is instead a general anti-amyloid feature, and that it can act substoichiometrically. (10 μM) or in the presence of sHSP or the indicated O-GlcNAcylated sHPS protein (1 μM for HPS27 and αBC or 2 μM for αAC) was subjected to aggregation conditions (agitation at 37 °C in a plate reader). Every 5 min, ThT fluorescence (λex = 450 nm, λem = 482 nm) was measured. The y-axis shows fold change in fluorescence compared with the same conditions at t = 0 h. Onset-times were obtained by measuring the time required for fluorescence to reach 3-times the initial reading. Onset-time results are mean ±SEM of four experimental replicates. Statistical significance was determined using a one-way ANOVA test followed by Tukey's test (Aβ plus HSP27 versus Aβ plus O-GlcNAcylated proteins). b) O-GlcNAcylation activates HSP27 chaperone activity in a substoichiometric fashion. Aβ alone (10 μM) or in the presence of HSP27 or the indicated ratios of HSP27/HSP27(gT184) (2 μM) was subjected to aggregation conditions (agitation at 37 °C in a plate reader). Every 5 min, ThT fluorescence (λex = 450 nm, λem = 482 nm) was measured. The y-axis shows fold change in fluorescence compared with the same conditions at t = 0 h. Onset-times were obtained by measuring the time required for fluorescence to reach 3-times the initial reading. Onset-time results are mean ±SEM of four experimental replicates. Statistical significance was determined using a one-way ANOVA test followed by Tukey's test.
O-GlcNAcylation disrupts the ACD-IXI interaction and increases the size of HSP27 oligomers.
Next, we set out to test the molecular mechanisms behind O-GlcNAc activation of HSP27 by first examining whether this modification inhibits the binding of the IXI sequence to the chaperone cleft of the ACD domain. In the case of the unmodified IXI sequence, previous experiments showed that the intermolecular interaction between the HSP27's native IXI peptide ( 178 EITIPVTFE 186 ) and the ACD domain was too weak to measure reliably. 40 However, introduction of a Phe to His mutation at position 185, giving 178 EITIPVTHE 186 , overcame this limitation. 40 Accordingly, we synthesized Nterminally biotinylated peptides corresponding to this improved sequence or the glycopeptide with an O-GlcNAc at Thr184.
We then individually immobilized these peptides on a streptavidin-coded microfluidic chip and used surface plasmon resonance (SPR) to measure the binding of monomeric HSP27 ACD domain to these surfaces (Figure 5a ). In the case of the unmodified peptide, we observed a KD of 3.14 ± 0.63 μM. In contrast, we detected no binding of the ACD domain to the O-GlcNAcylated peptide. In fact, we saw a negative binding response, which we attribute to a non-specific interaction between the ACD domain and streptavidin that was blocked by the glycopeptide, as we observed in the raw data ( Supplementary   Figure 4) . As confirmation, we synthesized the same two peptides without biotin and measured their binding to the ACD domain by isothermal titration calorimetry (ITC) (Figure 5b ). Using this technique, we found a KD of 14.3 ± 1.2 μM for the unmodified peptide and again essentially no binding to the O-GlcNAcylated variant. Importantly, our measured binding constants for the unmodified peptide are consistent with previously published values. 40 The IXI-ACD interaction controls both the accessibility of the chaperone cleft and the oligomer size of HSP27. Therefore, we next used size exclusion chromatography linked to multiple angle light scattering (SEC-MALS) to measure any consequences of O-GlcNAcylation at T184 on HSP27 oligomer size. We found that HSP27(gT184) forms larger oligomers than the unmodified protein ( Figure 5c ). Specifically, HSP27(gT184) had an average oligomer size of ~47 monomers, while the unmodified oligomer consisted of only ~28 monomers. Additionally, the distribution of the HSP(gT184) oligomer size was larger than that of the unmodified protein. Again, the size of our unmodified oligomers are in excellent agreement with previously published data. 40 Together, these results are consistent our original hypothesis that O-GlcNAcylation of the IXI domain inhibits its interaction with the ACD chaperone cleft of sHSPs, presumably generating a dynamic structure that can more readily bind to hydrophobic segments and growing amyloid fibers. 
Discussion
Our results demonstrate for the first time that O-GlcNAcylation activates the anti-amyloid activity of all three of the Cterminal IXI-containing sHSPs. We also demonstrate that mechanistically, this is likely due to a decreased physical interaction between the chaperone cleft of the ACD with the IXI-containing C-terminus. We believe that these results have important implications for targeting O-GlcNAc in neurodegenerative diseases. For example, potent inhibitors of OGA are being tested clinically; however, the focus in these and other pre-clinical studies has largely been on the O-GlcNAcylated proteins (e.g., tau) that directly form toxic amyloids. Given the striking substoichiometric activity of sHSPs, and our demonstration that only a fraction of the sHSP must be O-GlcNAcylated for improved activity, we speculate that increasing the modification status of these proteins has an any equally if not more important role for blocking amyloid formation.
Interestingly, we also find that O-GlcNAcylation does not appear to affect the parallel role for sHSPs in the maintenance of folded proteins. Specifically, modified HSP27 does not further stabilize the partially unfolded state of the model client protein citrate synthase (Supplementary Figure 5) 61 . This result suggests that sHSP O-GlcNAcylation could function selectively to prevent protein aggregation rather than globally upregulating all of the protein's chaperone functions. In summary, we have discovered a new mechanism that further supports a critical role for O-GlcNAcylation in the prevention and potential treatment of neurodegenerative diseases, with key implications for the evaluation of OGA inhibitors as they progress through clinical development.
METHODS
Methods and any associated references are available in the online version of the paper.
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